In this study, the behavior of organic micro-pollutants (OMPs) transport including 23 membrane fouling was assessed in fertilizer-drawn forward osmosis (FDFO) 
Introduction 44
Freshwater scarcity is getting severer due to the impacts of climate change, rapid 45 population growth and extensive industrialization [1] . Furthermore, about 70% (global 46 average) of the accessible freshwater is still consumed by the agricultural sector [2] .
Particularly in water scarce regions, wastewater reuse in the agricultural sector can be very 48 helpful in sustaining freshwater resources. Besides, treated wastewater can contribute an 49 appreciable amount of necessary nutrients for plants [3] . Therefore, the use of reclaimed 50 water for agricultural irrigation has been reported in at least 44 countries [4] . For example, 51 30-43% of treated wastewater is used for agricultural and landscape irrigation in Tunisia [5] . 52
However, wastewater reuse is often limited due to the presence of harmful heavy metals, 53 industrial waste, pharmaceutical and personal care products (PPCPs), and excess salts. 54
Organic micro-pollutants (OMPs), originating from PPCPs, herbicides and pesticides, and 55 industry, could have potential harmful impacts on public health and the environment 56 because of their bioaccumulation [6] . Therefore, OMPs should be effectively removed to 57 enable reuse of wastewater for irrigation [7] . 58
Anaerobic membrane bioreactors (AnMBR) have been studied for wastewater 59 treatment as the treatment scheme has several advantages, including complete rejection of 60 suspended solids, low sludge production, high organic rejection and biogas production [8] . 61 Especially, most readily biodegradable OMPs contain strong EDGs while most refractory 66
OMPs contain strong EWGs or halogen substitute [11] . Besides, some OMPs can be 67 captured by the fouling layer on the membrane surface thereby enhancing their removal 68 efficiencies [12] . Even though OMPs can be biodegraded and removed by AnMBR, their 69 removal rate isn't sufficient for the wastewater reuse since some OMPs are rarely treated by 70 AnMBR [10, 11] . 71
For wastewater reuse advanced post-treatment processes (e.g., nanofiltration (NF), 72 reverse osmosis (RO), forward osmosis (FO) or advanced oxidation) are often required to 73 enhance the removal efficiency since most OMPs, even at very low concentration levels, 74 may have a negative effect on the environment. Stand-alone NF can remove OMPs with 75 their rejection rates from about 20% to almost 100% depending on their different 76 characteristics (i.e., hydrophobicity and molecular shape) [13] . By combining AnMBR with 77 NF, the OMPs removal efficiency can be improved up to 80 -92% [11] . Furthermore, thin-78 film composite polyamide RO membranes have a 57 -91% rejection range for OMPs, 79 which is lower than the salt rejection rate since OMPs are generally of low molecular size 80 and are neutral compounds [14] . On the other hand, FO has a higher OMPs removal 81 efficiency than RO since OMPs forward flux is likely hindered by the reverse solute flux 82 (RSF) of the draw solute [15] . However, since FO utilizes highly concentrated DS as a 83 driving force, additional desalting processes (e.g., NF, RO or membrane distillation) are 84 required to extract pure water from DS [16] . 85 Recently, fertilizer-drawn forward osmosis (FDFO) has received increased attention 86 since the diluted fertilizer solution can be utilized directly for irrigation purpose and thus a 87 separation and recovery process for the diluted DS is not required [17] [18] [19] . In the early 88 studies, both single and blended fertilizers were investigated for direct application, however 89 the diluted fertilizer solution still required substantial dilution as the final nutrient 90 concentration exceed the standard nutrient requirements for irrigation, especially using feed 91 water sources with high salinity [17, 18] . For high salinity feed water, a NF process can be 92 employed as a post-treatment for further dilution thereby meeting the water quality 93 requirements for fertigation [20] . A pilot-scale FDFO and NF hybrid system was recently 94 evaluated for 6 months in the field [21] . However, the energy consumption of the NF 95 process is still a challenge for such a FDFO-NF hybrid system. Pressure-assisted fertilizer-96 drawn forward osmosis (PA-FDFO) is another suitable option for further enhancing final 97 dilution of fertilizer DS beyond the point of osmotic equilibrium between DS and feed 98 solution (FS) [22] . 99 FDFO is viewed to be more suitable for the treatment of low salinity impaired water 100 sources so that a desired fertilizer dilution can be achieved without the need of a NF post-101 treatment process. Recent reports have shown FDFO has been applied using commercial 102 liquid fertilizers for the osmotic dilution of wastewater for fertigation of green walls [19, 103 23]. For both wastewater reuse and irrigation purposes, a novel FDFO-AnMBR hybrid 104 system for a greenhouse hydroponic application was proposed and reported in our earlier 105 study [24] . Despite the recent efforts to develop and understand FDFO All FDFO experiments were carried out using a lab-scale FO system similar to the 164 one described in our previous studies [26, 29] . The FO cell had two symmetric channels 165 , is the OMPs concentration in the FS (mM/L). 241
2.6
Characterization of the membrane surface 242
Membrane surface characterization was conducted by collecting membrane coupons 243 after experiments, soaking them in DI water for a few seconds to remove FS and DS, and 244 then dried in a desiccator for 1 day. The surface and cross-sectional morphologies of the FO 245 membrane were observed and analyzed by scanning electron microscopy (SEM, Zeiss 246 Supra 55VP, Carl Zeiss AG, Germany) and energy dispersive X-ray spectroscopy (EDX) 247 following the procedures described in a previous study [35] . Samples taken from each 248 membrane were first lightly coated with Au/Pd and then the SEM imaging was carried out 249 at an accelerating voltage of 10 kV. 250 X-Ray diffraction (XRD) (Siemens D5000, USA) analysis was also performed over 251
Bragg angles ranging from 10° to 60° (Cu Kα, λ=1.54059 Å) to investigate the dominant 252 species responsible for scaling on the membrane surface. 253
Contact angles of fouled FO membranes were measured by the sessile drop method 254 using an optical subsystem (Theta Lite 100) integrated with an image-processing software 255 following the procedures described in a previous study [36] . Membrane samples were 256 placed on a platform, and DI water droplets of 10 μL were dropped automatically on the 257 membrane surface. A real-time camera captured the image of the droplet, and the contact 258 angle was estimated by a computer. At least 3 measurements were taken for each 259 membrane sample and the average value was used. 260 MAP that results in lower dilutive ECP effects. The KCl has higher diffusivity and lower 281 viscosity compared to the MAP that significantly enhances its mass transfer coefficient 282 (refer Table S1 ). The mass transfer coefficient of the draw solute depends on the average 283 solute diffusivity and solution viscosity, assuming that the other operating conditions were 284 similar for both KCl and MAP. 285
The performance of the three fertilizer DS was also investigated in terms of RSF. 286
KCl showed the highest RSF in all cases probably due to its highest solute diffusivity and 287 also lower hydrated diameters of both K + and Cl -species [37] . Interestingly, DAP showed 288 much higher RSF than MAP even though they have similar components and DAP has 289 much lower diffusivity as shown in Table 3 . This can probably be explained due to the 290 differences in their species formed in the water with DAP and MAP. Speciation analysis 291 was carried out for 1 M DAP and 1 M MAP using OLI Stream Analyzer and their data is 292 presented in Table S2 , where the three major species (NH 4 + , H 2 PO 4 -and NH 3 ) are 293 considered to be of particular interest for comparison. It can be seen that 1 M DAP DS 294 contains about 1.974 M NH 4 + compared to 1.0 M NH 4 + for MAP DS. This is one potential 295 reason why the RSF of NH 4 + for DAP was observed to be higher than MAP in Table S2 . 296
Besides, 1 M DAP DS also contains 0.026 M NH 3 (in aqueous form) as one of the species 297 and this uncharged aqueous NH 3 being small in molecular size is highly likely to reverse 298 diffuse through the FO membrane towards the feed further contributing to the RSF value. 299 This is also probably the main reason why the pH of the FS was observed to increase above 300 pH 9 when the FO was operated with DAP as DS. Once in the FS, NH 3 is expected to 301 slightly dissociate further to produce NH 4 + increasing OH -ions that give the pH rise. 302
The RSF of total PO 4 ions, however, was observed to be higher for MAP compared 303 to DAP, which is probably due to the differences in concentrations of H 2 PO 4 -species in 304 their solutions. H 2 PO 4 -is one of the major species common to both MAP and DAP and is a 305 monovalent species. Thus, it is likely to reversely diffuse more compared to other species 306 which are mostly multivalent. Table 4 , which is consistent with our 321 earlier studies [24, 30] . As shown in scaling layer on the membrane surface (Fig. 2d) , although no flux decline was also 328 observed with this fertilizer (Fig. 1a) . KCl DS did not show any noticeable flux decline. The membrane surface with MAP ( Fig.  372 2e) does not appear to show occurrence of fouling, appearing similar to the virgin 373 membrane surface (Fig. 2a) . On the other hand, the membrane surface with 2 M KCl (Fig.  374 2f) was partially covered by small crystal-shaped scales, which are likely due to the KCl 375 from the RSF that formed scales on the membrane surface as the RSF of KCl was quite 376 significant compared to the other fertilizer DS (Table 3) . However, it may be said that the 377 scale formation due to RSF of KCl may be fairly low and not enough to cause significant 378 flux decline during the 10 h of FO operation. In the case of DAP DS, about 10 % decline in 379 water flux is observed, probably because the membrane surface was fully covered by scales 380 as shown in Fig. 2g . Interestingly, only scaling was observed on the membrane surface 381 even though AnMBR effluent is a complex mixture including organics, inorganics and 382 contaminants. This may be because AnMBR effluent has quite low COD ( Table 1) The scaling layer formed during FDFO experiments with DAP as DS was further 397 studied by EDX analysis, which indicated the presence of magnesium and phosphorus 398 elements (Fig. S1) To further identify the composition of the scaling layer, XRD analysis was carried 407 out on the scaled membrane surface. Fig. 3a showed that the membrane with MAP has 408 similar XRD peaks to the virgin membrane, indicating that no scaling layer was formed on 409 the membrane surface. On the other hand, the XRD pattern for the FO membrane surfaces 410 with KCl and DAP as DS exhibited different peaks than the virgin FO membrane peaks. 411 XRD analysis confirmed that KCl crystals formed on the membrane surface in Fig. 2f with 412
KCl as DS (Fig. 3b) , and is likely from the reverse diffusion of KCl. Since magnesium and 413 phosphorous were found from EDX analysis, XRD peaks with DAP were first compared to 414 reference peaks of magnesium phosphate (Fig. 3c) , but the result was not conclusive. The 415 XRD peaks agreed well when compared to the reference peaks of struvite (Fig. 3c) To investigate the influence of membrane orientation on flux decline, the FDFO 427 experiments were carried out under AL-DS mode at 1 M DS, with flux results presented in 428 Fig. 2i and 2j , it appears that the 437 membrane surface of the support layer side with DAP is covered by a slightly higher 438 amount of scales compared to MAP. However, the surface scaling results alone do not 439 appear to be sufficient to explain the significant flux decline observed with DAP. Therefore, 440 a cross-section of fouled FO membranes was also analyzed to have further insight into 441 scaling issues inside the membrane inner structure. Fig. 2n shows the presence of a large 442 amount of small scales inside the support layer with DAP, while the support layer with 443 MAP (Fig. 2m) was very similar to the virgin membrane (Fig. 2l) . Based on these results, it 444 can be speculated that phosphate precipitates, such as struvite scales, may also be formed 445 within the pores of the support layer thereby contributing to the severe flux decline. 446
KCl showed higher flux decline than MAP, which may be explained by its higher 447 initial water flux that results in a higher permeation drag force and higher concentrative 448 concentration polarization which enhances the deposition and accumulation of foulants on 449 the membrane support layer. Although KCl (Fig. 2k) shows a slightly less scale deposition 450 on the membrane support surface compared to with MAP (Fig. 2i) Table S5 . The poor flux recovery rate of FO membranes operated with DAP DS shows that 496 hydraulic cleaning was not effective in removing the membrane foulant and scales formed 497 on the support layer (Fig. S2c) as well as on the surface (Fig. S2e) . While it is expected that 498 some of the foulants and scales deposited on the surface of the support layer are removed 499 by physical cleaning, those formed inside the support layer are not influenced by the 500 crossflow. Besides, struvite is only sparingly soluble in DI water under neutral and alkaline 501 conditions thereby rendering the physical washing ineffective for FO membrane operated 502 with DAP DS. 503
In order to enhance the cleaning efficiency for FO membranes operated under the 504 AL-DS mode, osmotic backwashing was investigated for fouled FO membranes using DI 505 water on the active layer and 1 M NaCl on the support layer side at the same crossflow 506 velocity (i.e., 8.5 cm/s for 30 mins). Fig. 4b shows that water flux recovery after osmotic 507 backwashing was not significantly better than physical cleaning for MAP and KCl and 508 hence still did not result in 100% flux recovery. Interestingly, the FO water flux with DAP 509 was restored to about 80%, indicating that osmotic backwashing was effective in removing 510 the foulants and scales deposited inside the FO support layer, shown in Table 5 . force is more significant than the hindrance effect by RSF, which is consistent with a 561 previous study [33] . For instance, if certain DS has higher water flux as well as higher RSF 562 than others, rejection rates can be seriously reduced even though high RSF has a potential 563 impact on enhancing a rejection propensity. The OMPs transport behavior is also significantly affected by OMPs properties (i.e., 580 molecular weight, surface charge, and surface hydrophobicity). In both RO and FO, OMPs 581 molecular weights have a significant impact on OMPs transport behavior by the steric 582 hindrance that depends on the mean effective pore size of the membrane used [15, 49] . In 583 addition, the surface charges of the OMPs also significantly affect the OMPs transport 584 behavior by electric repulsion with membranes that contain surface charges [34] . 585
Furthermore, rejection of OMPs with hydrophobic properties can be enhanced by 586 hydrophobic-hydrophilic repulsion when using hydrophilic membranes [50] . 587
In this study, Atenolol showed the lowest OMPs flux and therefore the highest 588 rejection rates (> 99%) followed by Atrazine (95-96.5%) and Caffeine (94-96%), giving a 589 total OMPs rejection rate between 96-97% for the three fertilizer DS. The highest rejection 590 rate for Atenolol is likely because it has the largest molecular weight compared to the other 591 two OMPs. The forward OMPs flux is a function of the molecular weight (shown in Fig. 6 ) 592 where the linear decrease in the rejection rate observed with the increase in the molecular 593 weight is consistent with other studies [13, 14, 49] . High molecular weight OMPs can be 594 more easily rejected by FO membranes through steric hindrance [49] . In addition to 595 molecular weight, the surface charge of OMPs may also have an influence on OMPs 596 transport behavior. Table 2 presents that atenolol is positively charged while atrazine and 597 caffeine are neutral. Thus, atenolol has much higher hydrated molecular dimension as well 598 as higher molecular weight itself compared to uncharged OMPs (i.e., atrazine and caffeine). 599
Since CTA membrane is relatively uncharged under the conditions tested in this study, 600 these results indicate that the steric hindrance by the FO membrane is likely the dominant 601 rejection mechanisms affecting OMPs transport behavior. 602 In order to investigate the influence of fertilizer DS concentration on OMPs 617 transport, FDFO OMPs flux data for 1 M (Fig. 5a ) DS concentration is compared with the 618 2 M (Fig. 5b) under the AL-DS mode of membrane orientation (Fig 5c) , compared to the AL-FS mode 641 (Fig 5a) . Similarly, OMPs forward flux increased with KCl as DS although the increase 642 was not as high as with MAP. Interestingly, the OMP flux significantly decreased with 643 DAP as DS. These phenomena may be likely due to the concentrative ICP effect and 644 fouling occurring inside the membrane support layer. 645
The water flux for 1 M MAP under the AL-DS mode was 10.5 L/m 2 /h, higher than 646 under the AL-FS mode (7.6 L/m 2 /h). This higher water flux enhances the concentrative ICP 647 thereby likely increasing the OMPs concentration at the membrane and hence its flux 648 through the FO membrane [34] . Under the AL-DS mode, the water fluxes are generally 649 higher due to higher effective concentration difference across the membrane active layer 650
[42]. As per earlier observations (Fig 4a) 
